The human papillomavirus (HPV) life cycle is tightly linked to differentiation of the infected epithelial cell, suggesting a sophisticated interplay between host cell metabolism and virus replication. Previously, we demonstrated in differentiated keratinocytes in vitro and in vivo that HPV type 16 (HPV16) infection caused increased levels of the cellular SR splicing factors (SRSFs) SRSF1 (ASF/SF2), SRSF2 (SC35), and SRSF3 (SRp20). Moreover, the viral E2 transcription and replication factor that is expressed at high levels in differentiating keratinocytes could bind and control activity of the SRSF1 gene promoter. Here, we show that the E2 proteins of HPV16 and HPV31 control the expression of SRSFs 1, 2, and 3 in a differentiation-dependent manner. E2 has the greatest transactivation effect on expression of SRSF3. Small interfering RNA depletion experiments in two different models of the HPV16 life cycle (W12E and NIKS16) and one model of the HPV31 life cycle (CIN612-9E) revealed that only SRSF3 contributed significantly to regulation of late events in the virus life cycle. Increased levels of SRSF3 are required for L1 mRNA and capsid protein expression. Capsid protein expression was regulated specifically by SRSF3 and appeared independent of other SRSFs. Taken together, these data suggest a significant role of the HPV E2 protein in regulating late events in the HPV life cycle through transcriptional regulation of SRSF3 expression.
H
uman papillomaviruses (HPVs) infect epithelia causing benign lesions or warts. For the so-called "high-risk" (HR) HPVs such as HPV type 16 (HPV16), the most prevalent HPV, persistent infection causes cervical and other anogenital lesions and head and neck lesions that may progress to cancer (1) . Although prophylactic vaccines against the most prevalent HRHPVs are available, therapies are still required to treat infected individuals who are not vaccinated. A more comprehensive understanding of the HR-HPV replication cycle could help in the development of novel therapeutic approaches.
The HPV16 life cycle is tightly linked to differentiation of the epithelium the virus infects (2) . Initial infection is within basal epithelial cells where the episomal viral genome is maintained at around 50 to 100 nuclear copies (3) . Differentiation of infected epithelial cells leads to activation of early and then late gene expression (4) . The viral replication and transcription factor, E2, is expressed at greatest levels in the middle to upper layers of the epithelium (5, 6) where, together with the viral DNA helicase, E1, it facilitates vegetative viral DNA replication, leading to production of thousands of viral genome copies (7) . The viral late proteins, including the capsid proteins L1 and L2, are synthesized in the uppermost granular layer of the epithelium to encapsidate the newly replicated genomes (4) . This spatial restriction of production of the highly immunogenic capsid proteins is important since it avoids triggering an immune response as a result of low immune surveillance in the upper epithelial layers.
Expression of virus capsid proteins is known to be controlled not only at the level of transcription initiation but also at various posttranscriptional levels, including polyadenylation, alternative splicing, nuclear export, mRNA stability, and translation (2, (8) (9) (10) (11) (12) . Notably, at least 13 mRNAs are produced late in the virus life cycle that contain open reading frames encoding the capsid proteins (10) . Seven mRNAs contain the L1 but not the L2 open reading frame, and six mRNAs contain both L1 and L2 open read-ing frames. Alternative splicing regulates the proportions of the various late mRNAs encoding the capsid proteins (12) . In particular, viral capsid protein L1 is thought to be encoded by an E4^L1 mRNA produced by splicing from a splice donor site at the end of the E4 open reading frame to the splice acceptor site at the start of the L1 coding region, while the L2 capsid protein is encoded by a readthrough L2L1 RNA (10) .
Constitutive splicing is the process whereby introns are removed from pre-mRNAs and exons are spliced together to form a protein-coding mRNA. Alternative splicing is a mechanism used by mammalian and viral genomes to maximize coding potential (13, 14) . A gene is transcribed to give a single primary transcript, but from this precursor RNA (pre-mRNA) different mature mRNA isoforms are produced by differential inclusion or exclusion of exons and introns. Each alternatively spliced mRNA isoform can encode a different protein. Alternative splicing is directly regulated by the following two classes of proteins, SR proteins (serine-arginine-rich splicing factors [SRSFs] ) and heterogenous ribonucleoproteins (hnRNPs) (15) . SR proteins can bind to exonic sequence enhancers (ESEs) to stimulate recognition of adjacent splice sites by the splicing machinery, while hnRNPs recognize exonic splicing silencers (ESSs) to repress splice site utilization (16) . Therefore, the combinations of cis-acting ESEs and ESSs in open reading frames, together with the relative concentrations of trans-acting SR and hnRNP proteins that can access these sites, determine the ultimate mRNA isoforms produced from a single gene.
Aside from splicing, SR proteins can potentially regulate other processes that control protein production from an mRNA, including transcription elongation, polyadenylation, nonsense-mediated decay, nuclear export mRNA stability, and translation (17) . Nine classical SR proteins have been described: SRSF1 to SRSF9. Previous data have demonstrated the importance of a number of these proteins in production of HPV mRNAs (18) . SRSF1 (SF2/ ASF), SRSF3 (SRp20), and SRSF9 (SRp30c) have been shown to bind viral mRNAs in the E4 open reading frame (19) (20) (21) (22) . SRSF2 (SC35) and SRSF3 have been shown to control production of the viral E6 and E7 oncoprotein mRNAs (19, 23) . Previous studies that have examined SR protein regulation of viral RNA splicing in tumor cells transiently expressing subgenomic reporter constructs have demonstrated that SRSF1 controls expression of early and late viral mRNAs (20, 22) , while SRSF3 can regulate BPV1 and HPV16 early and late gene expression (19) . SRSF9 can also control HPV16 late gene expression (21) .
Previously, we demonstrated in vitro and in vivo that HPV16 infection upregulated the expression of a specific subset of SR proteins in differentiating epithelial cells, SRSF1, SRSF2, and SRSF3, (24) . Subsequently, we showed that the viral transcription factor E2 activated the SRSF1 promoter via its transactivation domain (25) . We demonstrate here that HPV16 E2 also specifically transactivates the promoters of SRSF2 and SRSF3. We have extended the work to show that HPV31 E2 can also transcriptionally control SR protein expression in an epithelial differentiation-stage specific manner. Small interfering RNA (siRNA) depletion experiments were used to determine which HPV-regulated SR protein(s) was important for HPV16 late mRNA and capsid protein production. The data revealed that SRSF3 depletion resulted in significantly reduced levels of L1 protein, suggesting that E2-regulated SRSF3 is required for capsid protein expression. SRSF3 was required for expression of the viral E4^L1 spliced mRNA but appeared to repress expression of the L2L1 unspliced readthrough RNA. Taken together, these data indicate that the E2 protein links the viral replication cycle to epithelial differentiation via SRSF3, a key cellular regulator of HR-HPV gene expression.
MATERIALS AND METHODS
Cell lines. W12E cells are nontumor cervical epithelial cells (clone 20863 [26] ) that, if maintained at low passage (Ͻ17), contain 50 to 100 nuclear episomal copies of the HPV16 genome. NIKS16 cells are normal immortalized keratinocytes (NIKS) stably transfected with the HPV16 genome. Clone 2L maintains episomal HPV16 genomes (27) . CIN612-9E cells are cervical keratinocytes containing episomal HPV31 genomes (28) . All three lines form tissues in raft culture that mimic a low-grade cervical lesion. W12E, NIKS, NIKS16, and CIN612-9E cells were cultured in Emedium and differentiated as described (2 ϫ 10 5 cells per 10-cm plate) on mitomycin C-treated J2 3T3 mouse fibroblasts (10, 26) . Cells were differentiated by growing to high density in the presence of 1.88 mM Ca 2ϩ as previously described (26) . The 3T3 cells were grown in Dulbecco modified Eagle medium (DMEM) with 10% donor calf serum. Prior to harvesting for RNA or protein preparation, 3T3 cells were removed by trypsinization and cells layers washed twice with phosphate-buffered saline (PBS). U2OS osteosarcoma cells and U2OS clones stably expressing HPV16 E2 (U2OSA4 and U2OSB1) were cultured in DMEM with 10% fetal calf serum. All cells were maintained under humidified 5% CO 2 and 95% air at 37°C.
Cell transfection and siRNA depletion. Cells were seeded at 2 ϫ 10 5 per 10-cm dish and grown for 4 days on mitomycin C-treated J2 3T3 mouse fibroblasts as described above. At day 4, fibroblasts were removed by brief trypsinization. Keratinocytes were washed twice with PBS and transfected with plasmids using Lipofectamine 3000 according to the manufacturer's protocol. At 8 h after transfection, freshly prepared mitomycin C-treated J2 3T3 mouse fibroblasts were added back to the keratinocyte cultures in fresh E-medium. After 72 h, the cells were harvested into 400 l of protein loading buffer (125 mM Tris [pH 6.8], 4% sodium dodecyl sulfate [SDS], 20% glycerol, 10% mercaptoethanol, 0.006% bromophenol blue, and fresh protein inhibitor cocktail [Roche, United Kingdom]). Lysates were passed through a 21-gauge needle 15 times and then sonicated in a Sonibath for 3 ϫ 30 s. Cells were seeded at 2 ϫ 10 5 per well in a six-well plate 24 h prior to transfection in antibiotic-free medium. siRNA (10 nM) and Lipofectamine RNAiMAX (Invitrogen) were diluted in Opti-MEM serum-free medium (Invitrogen). Cells were transfected for 48 h according to the manufacturer's protocol. siGENOME SMART pools (consisting of four siRNAs designed to minimize off-target effects) specific for each of the SRSFs tested were purchased from Dharmacon. Transfection efficiencies as calculated by cotransfection with siGLO (Dharmacon) or a green fluorescent protein (GFP) expression plasmid were between 70 and 80%.
Cloning the SRSF3 expression vector. pEGFPSRp20 was a gift from R. Sandri-Goldin. The insert fragment from pEGFPSRp20 was cleaved out using BamHI/EcoRI restriction digestion. The fragment was then inserted using the same sites into pcDNA3.1 to give plasmid pcDNA3.1SRSF3.
Cloning the SRSF promoters. SRSF promoter regions were amplified from HeLa cell DNA. For SRSF1pr, the forward primer was 5=-GAT CCTCGAGGTTACGGTTCTCACATCCATTTTGC-3=, and the reverse primer was 5=-GTGCAAGCTTCTCCCGCGGCCCCTCCAAAATG-3= (amplifying nucleotides [nt] Ϫ886 to ϩ143 relative to the transcription initiation site at ϩ1). For SRSF2pr, the forward primer was 5=-GGGTGG TACCGTCAGCTCTCCTCGGGGCGAAG-3=, and the reverse primer was 5=-GTACAAGCTTTCTCAGGCAGTTGCCTTCCGCG-3= (amplifying nt Ϫ985 to ϩ96 relative to the transcription initiation site at ϩ1). For SRSF3pr, the forward primer was 5=-GATCGGTACCGCGGCTCTGTCT TCGTAAGGG-3=, and the reverse primer was 5=-GTGCAAGCTTCTCT CACTCACCCGGCGTCC-3= (amplifying nt Ϫ720 to ϩ81 relative to the transcription initiation site at ϩ1). For SRSF7pr, the forward primer was 5=-CATCCTCGAGACCAACTAGGCCTGCTTTCC-3=, and the reverse primer was 5=-GTGCAAGCTTAAACAGCCAAGAAACGACGC-3= (amplifying nt Ϫ1036 to ϩ69) relative to the transcription initiation site at ϩ 1). Nucleotides in boldface italics indicate the XhoI or HindIII restriction enzyme sites that were used for cloning. A 4-bp overhang was added to the end of each primer sequence to facilitate restriction enzyme cleavage. PCR was performed with high-fidelity Platinum Taq polymerase (Invitrogen). Single amplicons were obtained with the correct theoretical length. PCR products were ligated into pGL3 basic vector (Promega) and transformed into supercompetent Escherichia coli DH5␣ (Invitrogen). Insert sequences of clones obtained were confirmed by DNA sequencing.
Transcription assays. U2OS and U2OS clones A4 and B1 cells that stably express HPV16-E2 (29) were seeded in 10-mm-well plates at 10 5 cells per well without antibiotics 24 h prior to transfection. Transfections were carried out using Lipofectamine 2000 (Invitrogen). An EGFP expression vector (pMAXEGFP) was used as a transfection efficiency control using. Protein was extracted 48 to 72 h posttransfection as follows. Cells were washed twice in ice-cold PBS after the removal of the culture medium. NP-40 lysis buffer (0.5% NP-40, 150 mM NaCl, 50 mM Tris HCl [pH 8]) with protease (Roche Diagnostics) and phosphatase (Roche Diagnostics) inhibitors was added to the cells, and the cells scraped into the buffer on ice. The lysed cells were transferred to a 1.5-ml Eppendorf tube and incubated on ice for 30 min with periodic vortexing. The extracts were centrifuged at 10,000 ϫ g for 10 min, and the supernatant was subsequently stored at Ϫ80°C. A luciferase assay system (Promega) and a GloMax-Multi detection system luminometer were used to detect luciferase activity according to the manufacturer's instructions. Samples were normalized by protein concentration. At least three independent experiments were performed.
Cloning the HPV31 genome E2:I73L mutant. The I73L mutation in the HPV31 genome was created using the QuikChange XL site-directed mutagenesis kit (Agilent) using the plasmid pLit-HPV31 as the template and the primers 5=-GCCAAAGCCTTACAAGCTcTTGAACTACAAATG ATGTTGG-3= and 5=-CCAACATCATTTGTAGTTCAAgAGCTTGTAA GGCTTTGGC-3= according to the manufacturer's directions. Primary human foreskin keratinocytes were transfected with recircularized HPV31 genomes and expanded after drug selection as previously described (30) .
Western blotting. Cells were scraped into protein-loading buffer (125 mM Tris [pH 6.8], 4% SDS, 20% glycerol, 10% mercaptoethanol, and 0.006% bromophenol blue with fresh protein inhibitor cocktail [Roche, United Kingdom]). Lysates were passed through a 21-gauge needle 15 times and then sonicated in a Sonibath for 3 ϫ 30 s. Subsequently, 10 g of protein (or 5, 10, or 20 g where indicated) was resolved by polyacrylamide gel electrophoresis (PAGE) using Novex precast 4 to 12% gradient gels (Invitrogen) and then transferred to nitrocellulose membrane using an i-Blotter (Invitrogen). The membrane was preincubated for 1 h at room temperature with 5% dried milk powder in PBS-0.1% Tween (PBS-T), before overnight incubation at 4°C with diluted primary antibody in PBS-T-1% dried milk powder. The following antibodies were used: SRSF1 (clone 96; Invitrogen, catalog no. 32-4500) at 1:1,000, SRSF2 (BD Pharmingen, catalog no. 556363) at 1:250, SRSF3 (clone 7B4; Invitrogen, catalog no. 33-4200) at 1:250, SRSF7 (clone 98, a gift from James Stevenin, IGBMC, Strasbourg, France) at 1:100, GAPDH (glyceraldehyde-3-phosphate dehydrogenase; clone 6CS; Biodesign International, catalog no. H86504M) at 1:5,000, Involucrin (Sigma, catalog no. 19018) at 1:1,000, HPV16 E2 (clone TVG261; Abcam, catalog no. ab17185) at 1:250, and HPV L1 (clone K1H8; Dako, catalog no. M3528). Mab104 (used neat) detects a phospho-epitope on SRSFs 1 to 6 (an ATCC hybridoma supernatant). Because SRSFs1 and 2 have similar apparent molecular masses on SDS-PAGE, as well as probing with Mab104, we also probed blots with specific monoclonal antibodies against these SR proteins as above. Horseradish peroxidase-conjugated secondary antibodies (Pierce-ECL) were diluted 1:2,000 in PBS-T and incubated for 1 h. Blots were developed using Pierce enhanced chemiluminescence (ECL) kit and exposed to Kodak X-Omat film. Blots were quantified by scanning at 300 dpi and image analysis using ImageJ.
Immunohistochemistry. Archival paraffin-embedded cervical biopsy samples were obtained with ethical permission (Glasgow Royal Infirmary, permit RN04PC003). Diagnosis was made by a gynecological pathologist. HPV presence was confirmed by PCR. Immunohistochemistry was carried out by the University of Glasgow Veterinary Diagnostic Services. SRSF3 antibody (clone 7B4; Invitrogen, catalog no. 33-4200) was used at a dilution of 1:100.
RNA extraction. Cells were scraped into TRIzol reagent (Invitrogen) and total RNA was extracted according to the manufacturer's protocol. Polyadenylated RNA was isolated using an oligo(dT)-based mRNA extraction kit (Oligotex; Qiagen) according to the manufacturer's instructions. DNA was removed from all RNAs using the Promega RQ1 DNase kit according to the manufacturer's instructions. DNase-treated RNA was reverse transcribed using the Superscript III kit (Invitrogen) according to the protocol provided.
PCR. cDNA was amplified using 200 nM primers, 200 M dNTPs, 1.5 mM MgCl 2 and 2 units Taq polymerase (Invitrogen). The primers for E4^L1 amplification were E4 forward (nt 3518 to 3540; 5=-GTTGTTGCA CAGAGACTCAGTGG-3=) matched with L1 reverse (nt 6918 to 6997; 5=-GACAAGCAATTGCCTGGGTTAC-3=). The primers for L2L1 amplification were L2 forward (nt 5465 to 5475; 5-GTATCAGGTCCT-GATATACCC-3=) matched with L1 reverse B (nt 5690 to 5669; 5=-TACT GGGACAGGAGGCAAGTAG-3=), GAPDH forward (5=-TCCACCACC CTGTTGCTGTA-3=), and GAPDH reverse (5=-ACCACAGTCCATGCC ATCAC-3=). PCR products were separated on a 6% acrylamide gel and poststained with ethidium bromide.
qPCR. cDNA was amplified using an Applied Biosystems 7500 qPCR machine. The Stratagene Brilliant qPCR Mastermix was used for quantitative PCRS (qPCRs). cDNA (100 ng) was amplified in each reaction in triplicate, and three different experiments were performed. Reaction mixtures (25 l) contained 1ϫ Mastermix (Stratagene), 900 nM concentrations of primers, 100 nM concentrations of probe, and 300 nM concentrations of reference dye (Stratagene) as follows: E4 forward primer (nt 3594 to 3615; 5=-CTGTAATAGTAACACTACACCC-3=), E4^L1 probe (nt 3620 to 3631 and nt 5637 to 5656; 5=-TACATTTAAAAGTGTCTCTT TGGCTGCCTAG-3=), L2 forward primer (nt 5547 to 5569; 5=-CAATTA TTGCTGATGCAGGTGAC-3=), L2L1 probe (nt 5600 to 5622; 5=-CGAA AACGACGTAAACGTTTACC-3=), and L1 reverse (nt 5690 to 5669; 5=-T ACTGGGACAGGAGGCAAGTAG-3=). The amplification protocol was 95°C for 15 s, followed by 50°C for 60 s for 40 cycles. Expression was quantified by determining the ⌬⌬C T relative to the GAPDH values.
RESULTS
HPV E2 regulates the promoters of the genes encoding SRSF1, -2, and -3. Using cell line models of epithelial differentiation and HPV infection and backed up by data from virus-infected patient tissue, we and others demonstrated that SRSF1 (SF2/ASF), SRSF2 (SC35), and SRSF3 (SRp20) are specifically upregulated in HPVinfected, differentiated epithelial cells (24, 25, 31, 32) . For SRSF1, we showed previously that HPV16 E2 controlled the promoter of the SRSF1 gene by interacting within a region from nt Ϫ565 to nt Ϫ363 with respect to the transcription initiation site (this was originally cited as nt Ϫ689 to nt Ϫ482 in our previous paper [25] according to the numbering of a previously sequenced version of the SRSF1 promoter). Transcription activation was through the E2 transactivation domain (25) . E2 was only able to transactivate the SRSF1 promoter in the A4 clone of the osteosarcoma cell line U2OS that stably expresses low E2 levels ( Fig. 1A) (25, 29) . We proposed previously that E2 may begin to transrepress the SRSF1 promoter at higher concentrations, as it has been shown to do for the BPV4 long control region promoter (25) . To examine whether E2 also controlled expression of the genes encoding the other two SR proteins, SRSF2 and SRSF3, both of which are upregulated in HPV-infected cells, we cloned their gene promoters into luciferase expression (pGL3-luciferase) vectors for transcription analysis. The SRSF1 promoter (previously assayed in a chloramphenicol acetyltransferase [CAT] construct) was cloned in the same vector in order to use as a known E2-regulated control. The promoter for SRSF7 (9G8) was also cloned and analyzed in order to compare an SRSF family member that we have shown is not upregulated during differentiation of HPV-infected cervical epithelial cells (24) . A non-SR protein promoter control, the hTERT promoter whose expression is downregulated by HPV E2 (33) , and a pGL3 empty vector with no promoter sequence was also used. U2OS subclones A4 and B1, stably express different amounts of HPV16 E2 protein: A4 expresses low levels, and B1 expresses high levels ( Fig. 1A) (25, 29) . Transient transfections of the different luciferase expression vectors were performed in U2OS, U2OSA4, and U2OSB1 cells. An EGFP expression vector was cotransfected in each transfection experiment in order to normalize transfection efficiency. Figure  1B shows quantification of luciferase expression from the different promoters indicated on the x axis. Control transfections of the promoterless pGL3 vector showed very low luciferase activity (pGL-3 empty). hTERT promoter activity was low in all the experiments. This is due to U2OS cells displaying low telomerase activity (34) . Despite the low levels of reporter gene expression some decrease was detected in the U2OSB1 cell line that expresses higher levels of E2 as expected (33) . Similar to what we reported previously, the SRSF1 promoter was transactivated by E2 protein in the U2OSA4 cell clone, which expresses low levels of HPV16 E2. However, the higher levels of E2 expressed by the U2OSB1 cell clone did not upregulate the SRSF1 promoter, confirming our previous data (25) . The SRSF2 promoter also showed a small but statistically significant upregulation by HPV16 E2 protein. Under the control of the SRSF2 promoter, luciferase activity was increased 1.35-fold in U2OSA4 cells and 1.24-fold in U2OSB1 cells (P Ͻ 0.05). However, a greater increase in activity of the SRSF3 promoter than that observed for SRSF1 and SRSF2 in the presence of E2 was observed. The basal activity of the SRSF3 promoter in U2OS cells was lower than either the SRSF1 or 2 promoters and HPV E2 protein gave a greater transactivation response, showing a larger absolute difference in the fold change in luciferase activity. The luciferase activity was increased 2.93-fold in U2OSA4 cells and 2.69-fold in U2OSB1 cells (P Ͻ 0.001) (Fig. 1B) . In contrast to the repressive effect seen on SRSF1 promoter activity, high levels of E2 expression did not abrogate the transactivation of the SRSF3 promoter. The SRSF7 promoter is not controlled by HPV16 infection (24) and showed no statistically significant change in activity in the presence of E2 demonstrating that the E2-mediated upregulation of SRSF1, -2, and -3 is specific (Fig. 1B) .
Differentiation of HPV31-positive keratinocytes increases SRSF1, -2, and -3 levels. W12 cells are cervical epithelial cells derived from a patient with an HPV16-positive low grade cervical lesion (35) . Cells of the non-tumor subclone W12E (clone 20863), when maintained at low passage (P Ͼ 17), contain around 50 to 100 episomal copies of the HPV16 genome (26, 35) . W12E cells can be induced to differentiate to keratinocytes that express markers of terminal differentiation (36) , viral late mRNAs and late proteins (10) by culturing to high density in the presence of 1.88 mM Ca 2ϩ . Previously, we showed that a subset of SRSF proteins, including SRSF1, -2, and -3, were upregulated upon differentiation of W12E cells (24) . To determine whether control of SRSF expression during epithelial differentiation was associated with other HR-HPV infections, we examined SR protein levels in HPV31-infected CIN612-9E cervical epithelial cells (28) . CIN612-9E cells were established from an HPV31-infected low-grade cervical lesion and contain episomal HPV31 viral genome copies. CIN612-9E cells can also be induced to differentiate in culture using the same protocol as for W12 cells (by culturing to high density in the presence of 1.88 mM Ca 2ϩ ) to express viral late mRNAs and synthesize virions (37, 38) . Monoclonal antibodies against SRSF1, SRSF3, and SRSF7 perform well in Western blotting. However, to detect the remainder of the SR proteins, we used Mab104, which detects a phospho-epitope on most of the classical SR proteins (SRSF1, -2, 4, -5, and -6). Therefore, in Fig. 2A , detection of SRSF1 is shown both with Mab104 and the SRSF1-specific antibody Mab96. Semiquantitative Western blot analysis of protein titrations (5, 10, and 20 g) showed that the levels of SRSF1, -2, and -3 were higher in differentiated compared to undifferentiated HPV31-positive cells ( Fig. 2A) , similar to what was found in W12E cells (24) . In contrast to W12E cells, CIN612-9E cells expressed SRSF4 (SRp75), whose levels also increased upon differentiation. Levels of SRSF5 (SRp40) and SRSF6 (SRp55) increased slightly upon differentiation. The levels of SRSF7 did not change significantly. Cell differentiation was revealed by detection of increased levels of the epithelial differentiation marker involucrin in the differentiated keratinocytes ( Fig. 2A) .
The E2 transactivation domain is required for control of SRSF1, -2, and -3 levels. The data support the hypothesis that HR-HPV E2, which is expressed at highest levels in differentiating HPV-infected epithelial cells (5, 6) , controls expression of SR pro- teins. To test this directly, we compared levels of SR proteins in normal foreskin keratinocytes (NFKs) stably transfected with wild-type HPV genomes or with genomes containing an inactivating point mutation in the transactivation domain of E2. HPV16 genomes containing such a mutant cannot be maintained episomally in keratinocytes (39) . However, keratinocytes containing HPV31 genomes with this mutation are available (mutant E2: I73L) (30) . If E2 transactivated the SRSF1-3 promoters, there would be reduced levels of the proteins in these keratinocytes. Western blot quantification indeed revealed decreased levels of SRSF1, -2, and -3 in the keratinocytes expressing the mutant E2 protein compared to keratinocytes expressing wild-type E2 (E2wt), but there was no change in the levels of SRSF7, as expected, since it is not regulated by E2 (Fig. 2B ). There were similar viral genome copy numbers in E2wt and E2:IL-73 NFKs (data not shown). Figure 2C shows the levels of E2 protein in each NFK line.
Compared to the levels of GAPDH, there were similar levels of E2 protein expressed in E2wt compared to E2:IL-73 cells (Fig. 2C,  lanes 3 and 4) . The NFK E2wt and E2:IL-73 protein extracts used in Fig. 2B were prepared from differentiated NFK clones because both expressed involucrin, a marker of epithelial differentiation (Fig. 2C, lanes 3 and 4) . Both E2wt and E2:IL-73 NFKs clearly expressed more involucrin than undifferentiated HPV31-positive CIN6129E cells (Fig. 2C, lanes 2) , and the levels were almost as high as fully differentiated CIN6129E cells (Fig. 2C, lanes 1) . The levels of SRSF1 in the E2:I73L-expressing cells were 52% Ϯ 3.2% of the wild type, while the levels of SRSF2 and -3 were 31% Ϯ 6.5% and 29% Ϯ 5.0% of the wild type, respectively (Fig. 2D) . These data indicate that E2 transactivates the SRSF gene promoters to control expression of SRSF1, -2, and -3 proteins in infected epithelial cells. E2:I73L mutant HPV31 genomes express ca. 80% less late mRNA than wild-type genomes (30) , but whether this leads to reduced L1 protein expression has not been tested. In accordance with the reported change in late mRNA production, Western blotting revealed that there was a reduction of around 75% in L1 protein expression from E2:I73L genomes compared to E2 wildtype genomes (P Ͻ 0.01) (Fig. 2E) . Our data suggest that HR-HPV E2 upregulates the expression of SR proteins 1, 2, and 3 in infected, differentiated keratinocytes.
SRSF3 controls expression of the HPV16 L1 capsid protein in differentiated keratinocytes. E2-mediated upregulation of cellular SR proteins 1, 2, and 3 in differentiated infected epithelial cells could indicate that increased levels of these RNA processing proteins are required for completion of the viral replication cycle. Therefore, we next determined which of the differentiation stagespecific controlled SR proteins controlled HPV capsid protein expression during the HPV life cycle in differentiating keratinocytes. For these experiments, we used both the HPV16-infected W12E life cycle model we had used previously (24) and a second model of the HPV16 infectious life cycle (NIKS16) to corroborate our data with W12 cells. NIKS16 cells are normal immortalized foreskin keratinocytes (NIKS) stably transfected with episomal HPV16 genomes (27) . If used at low passage, NIKS16 clone 2L stably maintains episomal genomes. Like W12E and CIN612 9E cells, they can differentiate in monolayer culture and display a CIN1-like phenotype in organotypic raft culture (27) . Differentiation of W12E, NIKS16, and the parental NIKS cells can be induced by culturing in 1.88 mM Ca 2ϩ to high density (10, 26) . At the end of the differentiation protocol between 75 and 85% of NIKS or NIKS16 cells expressed the differentiation marker involucrin similar to that observed with W12E cells (10) . Using Mab104 that simultaneously detects SRSFs1, -2, -4, -5, and -6 and antibody 7B4 that detects specifically SRSF3, semiquantitative Western blotting of 5, 10, and 20 g of HPV-negative NIKS protein extracts revealed very little change in levels of SR proteins upon differentiation, a finding similar to what we observed previously using HPV-negative HaCaT cells (25) (Fig. 3A) . However, semiquantitative Western blotting of 5, 10, or 20 g of HPV16-positive NIKS16 protein extract revealed a pattern of change in SRSF expression between undifferentiated and differentiated NIKS16 cells similar to that observed for W12E (24) and CIN612-9E cells (Fig. 2A) . Figure 3B shows that levels of SRSFs1, -2, and -3 were higher in differentiated NIK16 cells. The levels of SRSF4 and -6 also appeared to increase slightly, while the SRSF5 and -7 levels (SRSF7 was detected with specific monoclonal antibody clone 98) did not change. Quantification of changes in SRSF3 levels between undifferentiated and differentiated HPVnegative NIKS cells revealed a reduction of 30% upon differentiation (Fig. 3C) . In contrast, SRSF3 levels increased 4-fold upon differentiation of HPV16-positive NIKS16 cells similar to the increase in SRSF3 levels we quantified in W12 cells previously (24) (Fig. 3D) . Immunohistochemistry staining of normal cervical epithelium revealed staining in the basal layer cells and some in the suprabasal layers (Fig. 3E) . Immunohistochemistry staining of a representative low-grade cervical lesion revealed that whereas more cells in the basal epithelial layers stained positive for SRSF3 compared to cells in the upper layers, the intensity of staining of cells in the middle to upper layers was strong, indicating high levels of SRSF3 expression (Fig. 3F) .
Having demonstrated that NIKS16 cells control expression of SRSFs1, -2, and -3 in a similar manner to W12E and CIN612-9E cells (24) , these SR proteins were depleted using siRNA in NIKS16 keratinocytes. SRSFs 5 and 7 were also depleted as controls for SR proteins that are not regulated by E2 or HPV infection. Figure 4A shows that levels of each of the SR proteins were significantly reduced by their respective siRNAs. SRSF1, -2, and -5 were detected with Mab104 (top panel) that detects most of the classical SR proteins. The second panel from the top shows detection of SRSF1 using the specific antibody Mab96. A second panel showing SRSF1 and -2 detected together is included as the third panel down from the top because SRSF2 depletion is not clearly seen in the top panel. The bottom two panels show SRSF3 detected by specific antibody 7B4 and SRSF7 detected by specific antibody clone 98. Levels of L1 protein were assessed as a marker of late events in the virus life cycle in the SRSF-depleted cells by Western blotting with an HPV L1 antibody. L1 was expressed in differentiated (Fig. 4B , lane 2) but not in undifferentiated (Fig. 4B, lane 1) NIKS16 cells, as expected from data from raft cultures of this line (27) . Differentiation was assessed by increased expression of the epithelial differentiation marker involucrin (Fig. 4B, compare lanes 1 and  2) . There was no significant change in levels of L1 protein in differentiated NIKS16 cells when either SRSF1, -2, -5, or -7 were depleted. However, depletion of SRSF3 (Fig. 4B, lane 5) caused a significant decrease in L1 protein expression. Quantification of three separate experiments showed that loss of SRSF3 caused a 53% Ϯ11% (P Ͻ 0.05) decrease in L1 protein expression in differentiated NIKS16 cells (Fig. 4C) .
Next, we confirmed the SRSF3 regulation of L1 expression in the W12E model of the HPV16 life cycle. SRSF1 was used as a control SR protein since this did not significantly affect the levels of HPV16 L1 protein in NIKS16 cells (Fig. 4B and C) . SRSF1 and SRSF3 were successfully depleted using specific siRNAs in undifferentiated (W12U) and differentiated (W12D) W12E cells (Fig.  5A ). Involucrin expression was higher in the differentiated cell population as expected (Fig. 5A, lanes 4 to 6) . No L1 protein expression was detected in undifferentiated W12 cells, but high levels of L1 protein were detected in differentiated W12E cells (Fig.  5A, lane 4) . Depletion of SRSF1 had a small reduction effect in L1 protein expression in the differentiated cells (Fig. 5A, lane 5) but, consistent with the data using NIKS16 cells, SRSF3 depletion reduced the L1 protein levels significantly (Fig. 5A, lane 6) . Quantification of the data from three separate experiments showed that L1 protein levels were reduced by 55% Ϯ11% (P Ͻ 0.05) in differentiated W12E cells (Fig. 5B) .
If SRSF3 depletion in differentiated NIKS16 cells results in the loss of L1 expression, then the overexpression of SFSF3 in undifferentiated NIKS16 cells might activate L1 expression. To test this, we transfected undifferentiated NIKS16 cells with an expression construct for SRSF3 (pcDNA3.1SRSF3). Cells were maintained at low cell density in medium with low calcium concentrations over the course of the experiment to minimize differentiation (26) . At 72 h after transfection, the cells were harvested, and the protein lysates were prepared.
Western blot analysis revealed that cells transfected with vector alone did not express L1 protein (Fig. 5C, lane 2) . In contrast, cells transfected with the SRSF3 expression construct showed some L1 expression (Fig. 5C, lane 3) but not to the level detected in fully differentiated NIKS16 cells (Fig. 5C, lane 1) . The transfected NIKS16 cells had not been induced to differentiate because levels of involucrin differentiation marker were low in the transfected cells (Fig. 5C, lanes 2 and  3) compared to the fully differentiated NIKS16 cell control (Fig. 5C,  lane 1) . Taken together, the data reveal that SRSF3 is a key regulator of HPV16 L1 protein levels. SRSF3 depletion results in loss of the E4^L1 spliced RNA. SRSF3 can regulate mRNA expression at a number of different levels (40) , and it is known to be a master regulator of alternative splicing (41) . Alternative splicing is a key control mechanism of HPV gene expression. HPV L1 capsid protein is thought to be expressed from an E4^L1 spliced transcript (RNA B) but may also be expressed from an E1^L1 (RNA A) or the bicistronic L2L1 transcript (RNA C) (Fig. 5A) (10, 42) . Therefore, we examined whether the levels of any of these mRNAs were affected by SRSF3 depletion during the HPV16 life cycle. We mock depleted or siRNA depleted SRSFs 1 and 3 in W12E cells and allowed the cells to differentiate. siRNA treatment successfully depleted levels of SRSF1 and -3 (Fig. 5B) . We used primer pairs to PCR amplify across splice junctions E1^L1 and E4^L1 or across the junction of the open reading frames in the readthrough L2L1 mRNA. E1^L1 proved very difficult to detect, indicating that it is an mRNA present at very low levels in HPV16-positive keratinocytes. In viral late mRNAs, the end of the E4 open reading frame contains a splice donor site at nt 3632 that allows splicing to the L1 splice acceptor site at nt 5639. E4^L1 mRNAs were detected readily. Compared to the effect of SRSF1 depletion, which has only a small effect on L1 protein production, SRSF3 depletion caused a remarkable decrease in levels of late mRNA E4^L1 (RNA B) in differentiated W12E cells (Fig. 5C, lane 6) . SRSF1 depletion did not alter production of this RNA (Fig. 5C, lane 4) . In contrast, depletion of SRSF1 or SRSF3 appeared to increase the levels of the L2/L1 bicistronic mRNA (RNA C) (Fig. 5C, lower panel, lanes 4 and 6) . The levels of GADPH did not change upon SRSF1 or SRSF3 depletion. qRT-PCR analysis using previously published probe/primer sets (43) confirmed that E4^L1 mRNA levels were reduced significantly upon SRSF3 depletion in differentiated cells (Fig. 5D) , whereas the bicistronic L2L1 mRNA levels increased when either SRSF1 (2.0-fold) or SRSF3 (1.7-fold) were depleted (Fig. 5E) . Taken together, these data suggest that SRSF3 can control production of L1 capsid protein via enhancing the expression of the E4^L1 mRNA.
DISCUSSION
Focusing on the paradigm SR protein SRSF1, we demonstrated previously that E2 bound the SRSF1 promoter and its transactivation domain was essential for the upregulation of SRSF1 transcription (25) . Here, we have shown that E2 transcriptionally activates the genes encoding not only SRSF1 but also SRSF2 and -3. The SRSF3 promoter displayed the highest level of transactivation in our transcription assays. E2 regulated the SRSF3 promoter in a dose-dependent manner. This is from the SRSF1 promoter that we found was activated by low but repressed by high levels of E2 (25; the present study). We do not yet understand how E2 transactivates the SRSF promoters because, similar to what we have found for the SRSF1 promoter (24), the SFSR2 and -3 promoters do not contain a cognate E2 binding site. In silico analysis of the proximal promoter sequences of SRSF1, -2, and -3 revealed that they are each predicted to bind the E2-interacting factors Sp1 and cEBP (data not shown), but it remains to be tested whether E2 binds and transactivates via these proteins and whether other factors are also involved. It is even possible that the array of cellular transcription factors that control each promoter may be different and mediate different transcriptional responses to E2. SRSF7 was used in the transcription assays as a control promoter since it is not regulated by E2, but we did not clone and test E2 control of other SRSFs. Therefore, we cannot conclusively rule out the possibility that E2 controls the expression of additional SRSF proteins. However, our data clearly reveal that the cellular SRSF1, -2, and -3 genes are upregulated by HPV16 E2. This is the first reported cloning of these SRSF promoters.
Semiquantitative Western blotting experiments revealed a similar profile of changes in SRSF protein levels upon differentiation of HPV16-positive W12E cells (24) , NIKS16 cells (Fig. 3A) , and the HPV31-positive CIN612-9E cells. This allowed us to test the mechanism of E2 control of the SRSF promoters by comparing levels of the SRSF proteins in normal foreskin keratinocytes stably transfected with a wild-type HPV31 genome or a genome containing a single inactivating point mutation in the E2 transactivation domain (30) . There was a significant decrease in expression of SRSFs 1 to 3 in keratinocytes expressing the point mutant E2. These data support our hypothesis that HR-HPV E2 controls the promoters of these SR proteins via its transactivation domain. SRSF3 levels showed the greatest change, with a 71% decrease Values were calculated relative to the GAPDH levels. The P value was calculated using a Student t test.
detected in cells expressing the mutant E2 compared to wild-type E2. The reported increased levels of E2 in the middle to upper layers of HPV-infected epithelia (5, 6) fits well with the increase in SRSF1, -2, and -3 expression in differentiated compared to undifferentiated W12E cells (24) , NIKS16 cells, and CIN612-9E cells (the present study). It will be of interest to determine whether other high-risk and low-risk HPV types control SRSFs during the infectious life cycle. Our data imply that E2 control of SRSF1, -2, and -3 is likely at the level of transcription initiation. However, because E2 has been shown to possess some properties of SR proteins (44-46), we cannot discount a direct E2-mediated regulation of HPV mRNA processing or indeed E2 control of alternatively spliced isoforms of SR protein mRNAs that are more stimulatory of L1 splicing. Also, although E2 is a regulator of SRSFs, we cannot rule out the possibility that other HPV proteins could be involved in controlling SRSF expression. For example, E6 and E7 may activate cellular transcription factors and control SRSF levels indirectly in differentiated keratinocytes (47, 48) .
Our data suggest that a specific subset of SR proteins (SRSFs 1 to 3) is regulated by E2, indicating that these proteins may have important functions during the HPV replicative life cycle. Reasoning that increased SR protein expression in differentiated keratinocytes might impact late events in the viral life cycle, we compared the effect of siRNA depletion of each of the E2-regulated SRSFs 1 to 3 with SRSF5 and -7 (the latter two of which are not controlled by E2 in the NIKS16 model) on capsid protein expression. Depletion of SR proteins 2, 5, and 7 had no significant effect on L1 protein expression. Depletion of SRSF1 caused a modest reduction in L1 protein expression in NIKS16 and W12 cells as predicted by a previous study (20) . However, SRSF3 depletion caused a major reduction in L1 protein expression in the differentiated NIKS16 cells. SRSF3 control of L1 expression was confirmed in a second HPV16 life cycle model using W12E cells. Conversely, the overexpression of SRSF3 in undifferentiated NIKS16 cells resulted in some induction of L1 protein expression. We were unable to repeat the experiment in the W12 cell model due to problems inhibiting differentiation in these cells during the course of the overexpression experiment. Although further work is required to determine whether the effect of SRSF3 on L1 induction in undifferentiated epithelial cells is at the level of mRNA processing, our data indicate that SRSF3 is a key regulator of viral capsid protein expression.
Although we did not carry out SR protein depletion experiments in CIN612-9E cells, we observed a significant decrease in capsid protein production in human keratinocytes maintaining E2:I73L mutant genomes, with a concomitant 50% reduction in SRSF3 expression, compared to cells containing wild-type HPV31 genomes. This does not prove that SRSF proteins control L1 protein production in HPV31-positive keratinocytes, but it is correlative with the observations in the HPV16-positive lines. The ϳ4-fold level of L1 protein depletion we observed (Fig. 2D ) agrees with the 80% reduction observed previously in L1 mRNA production in foreskin keratinocytes expressing the HPV31 E2:I73L mutant genome (30) . The greater effect of the E2 inactivating point mutation on L1 protein expression compared to SRSF3 depletion could be due to incomplete knock down of SRSF3 in our experiments. However, it may be due to other effects of E2 on HPV or cellular gene expression. E2 appears to be required for induction of HPV late mRNA expression by inhibiting the viral early polyadenylation signal through interaction with CPSF30 (11). Although in our study an HPV31 E2 transactivation domain point mutant was all that was required to reduce virus capsid protein expression, in the study by Johannson et al. both the E2 transactivation domain and the hinge region were required for control of the L1 and L2 mRNA levels (11) . This suggests that there at least two E2-regulated mechanisms for controlling the viral late gene expression, and these are not mutually exclusive. Apart from these (20) . SRSF2 controls HPV16 oncoprotein expression by regulating mRNA stability (23) . SRSF3 also controls HPV16 oncoprotein expression (19) , but to a lesser extent than SRSF2 (23) . SRSF9 can activate the E4 splice donor 3632 while inhibiting splice acceptor 3358 at the 5= end of the E4 open reading frame (21) . Of interest, another splicing control element in the E4 coding region (50) binds SRSF3 (19) . Knocking down SRSF3 in U2OS osteosarcoma cells increased levels of both L1 and L2 mRNAs while mutating the SRSF3 binding site increased L1 mRNA production ϳ2-fold (19) . In contrast to that study, we found that SRSF3 depletion in undifferentiated epithelial cells did not induce L1 protein expression (Fig. 3E) . Moreover, our data indicate that SRSF3 is required for the L1-encoding E4^L1 mRNA and L1 protein expression in differentiating keratinocytes. Although some of the effects we have observed are rather modest, the differences in our data compared to the previous studies can be attributed to our use of differentiating, HPV-infected nontumor epithelial cells (three different model systems) that better mimic the natural HPV life cycle. Further, wild-type HPV genomes are present in NIKS16 and W12E and CIN612-9E cells. In contrast, in the previous studies, subgenomic constructs with deletions in important cis-acting elements (e.g., the late negative regulatory region [51] ) controlling gene expression were used (20, 21, 50) . In our HPV-infected lines, viral transcription is driven from the natural viral promoters (10, 38) which are relatively weakly active. Expression of HPV late mRNAs from the subgenomic constructs is under the control of the strong CMV promoter. Of importance, RNA polymerase II elongation rate, determined by promoter strength, is a major determinant of the use of weak over strong splice sites regardless of ESE/ESS activity (52, 53) . Finally, the exact levels of SR proteins in cells are known to be vital to their function in splicing (54) , meaning the effects on HPV late gene expression of the SRSF levels found in undifferentiated tumor cells may be different from their effects in differentiated keratinocytes. However, it is important to consider that because we have analyzed HPV gene expression, together with keratinocyte differentiation upon SRSF knockdown, some of the effects we observed could be an indirect result of SRSF-mediated control of other cellular factors or of epithelial differentiation itself. For example, in Fig. 6A we observed an increase in expression of the epithelial differentiation marker involucrin upon SRSF3 depletion, implying that SRSF3 may repress involucrin expression upon epithelial differentiation. Further work will be required to determine whether SRSF3 is controlling HPV late gene expression directly or whether it does so through other cellular pathways.
Immunohistochemical staining of HPV16-infected low-grade cervical lesions has revealed a distinct pattern of SRSF3 expression (24; the present study). SRSF3 is expressed in the majority of basal epithelial cells. Although fewer cells in the upper epithelial layers express SRSF3, those that do express the protein contain very densely stained nuclei (Fig. 3F) . We propose that these cells are HPV infected and support late events in the viral replication cycle, including E2-mediated control of SRSF3 expression. In preparation for capsid protein production, viral late mRNAs may be produced in epithelial cells below the granular layer (8), colocating with high levels of E2 and SRSF3. SRSF3 appears to be required for expression of the E4^L1 late mRNA that encodes the L1 capsid protein. Conversely, SRSF1 and SRSF3 negatively regulate production of the L2L1 read through RNA that likely encodes L2. This could be one regulatory mechanism that ensures high levels of L1 and low levels of L2 protein production to provide the correct ratio of L1 to L2 protein for capsid formation. SRSF3 can crossregulate SRSF2, SRSF5, and SRSF7 and has been proposed as a master regulator of RNA splicing (41) . The cooperative activity of SR proteins imposes positive and negative combinatorial control on splicing (54) . Therefore, in the future it will be important to examine the effect of siRNA depletion of combinations of E2-controlled SR proteins on the HPV gene expression program.
In conclusion, if HPV-regulated SR proteins are key to completion of the viral replication cycle, they may represent a useful target for antiviral therapy. Small-molecule inhibitors of SR protein kinases that modulate the functions of SR proteins are available. Since they have been shown to be effective in inhibiting replication of HIV, hepatitis C virus, and Sindbis virus (14) , they may also be effective against HPV replication. However, it will also be important also to understand any potential effects of these therapies on the switch from the viral replicative cycle to persistent or latent infection that underlies tumor progression. Nevertheless, such targets may prove effective for future therapeutic study.
